Transcription of T7 and mutant T3 DNA during infections of F plasmid-containing cells has been analyzed by using Southern hybridization. A transcriptional defect is apparent in these abortively infected cells that is most severe in the class III region of the phage genome. In particular, RNAs that are initiated from the gene 13 promoter are not elongated to give full-length molecules. It is suggested that the transcription defect results from positive supercoiling of the template DNA and that torsional constraints may even prevent the complete entry of the phage genome into an abortively infected cell.
female cells (39) . The T3 gene 1.2 product allows the phage to escape F exclusion, whereas mutants lacking gene 1.2, like wild-type T7, are excluded by pif (26, 33) . In abortive infections by T3 mutants, synthesis of the wild-type gene 10 protein triggers the exclusion system (11, 25) . The results of these studies suggested that in productive infections of male cells by wild-type T3, gpl.2 prevents a lethal event involving gplO and PifA.
In addition to its involvement in F exclusion, gene 1.2 is necessary for growth of both T7 and T3 in E. coli optA mutants (26, 32) . A host dGTP triphosphohydrolase is overexpressed in optA cells and causes abnormally low levels of dGTP; this prevents phage growth by interfering with DNA replication (2, 29) . T7 gpl.2 inhibits this dGTPase and thereby allows a productive infection (17) . Since T7 and T3 gpl.2 are about 40% identical by primary sequence (15, 33) , it is likely that the T3 protein has a similar property. However, it is not clear whether this property of gpl.2 is directly related to that of escaping F exclusion. One missense mutation in T3 gene 1.2 has been described which prevents a productive infection of optA strains, although the phage grows well in male strains. Conversely, point mutations at other loci in gene 1.2 prevent productive infections of male strains but do not affect growth in optA hosts (33) . Furthermore, gene 1.2 mutants of both T3 and T7 that also carry specific mutations in gene 10 escape F exclusion but cannot grow in optA hosts (11, 25) .
Gene 10 codes for the major capsid protein of T3 and T7. Its major role in phage development is obviously in morphogenesis, although capsid formation does not appear to be * Corresponding author. necessary for PifA-mediated exclusion. If assembly of new capsids is blocked by mutations in other morphogenetic functions, synthesis of gplO still triggers the abortive infection (11, 25) . However, the form or property of gplO that triggers F exclusion is not yet known. Similarly, no function for PifA has been described beyond its role in the exclusion of T7 and most related phages.
Early studies on the mechanism of inhibition of T7 by F implicated defects in transcription, translation, or membrane integrity and function as the cause of the abortive infection (14) . Whether late RNA synthesis is defective in T7-infected male cells has been particularly controversial. The hypothesis that exclusion is due to an inhibition of translational control (28) is predicated on the idea that transcription is normal in abortively infected cells. However, others have concluded that although synthesis of early RNAs is normal, synthesis of some late RNAs is clearly aberrant (7, 10, 42) . No consensus has been obtained, and the problem becomes more complex when one considers that specific mutations in the E. coli chromosome (8, 9, 18, 31) and the genetic background of the cell (42) grossly affect the efficiency of F exclusion.
With the identification of the phage-coded proteins involved in F exclusion, both in T7 (25) and in pseudorevertants of T3 gene 1.2 mutants (11) , it became pertinent to reexamine certain aspects of the physiology of the abortive infection. In the T3 system, preventing gplO synthesis is sufficient to allow DNA replication and late protein synthesis in male cells infected with phage with mutations in gene 1.2 (11) . For T7, the absence of both gpl.2 and gplO allowed normal DNA replication and lysis in male cells (25) . This last study also demonstrated that leakage of ATP and other nucleotides from the infected cell is not a direct cause of the abortive infection. T7 mutants that escape F exclusion still exude these compounds during productive infections of male hosts.
The synthesis of T7 RNAs is initially determined by the transcriptionally mediated entry of the DNA (24, 44 19.5) are achieved by transcription from the strong class III promoters. The utilization of these promoters is delayed, relative to that of class II promoters, since transcription from the latter is necessary for the first part of the class III region to enter the cell. The initial transcription of the phage genome, which also brings the DNA into the cell, takes several minutes to complete and has been shown to be important in the control of phage gene expression (22) .
In second-site suppressor of the 1.2 deletion mutation that allows the phage to grow in optA mutants, although it remains excluded by strains that contain F. The suppressor mutation has been mapped to a region extending from the 3' end of gene 5 through gene 5.3 but has not been further characterized.
RNA labeling and hybridizations. The procedures for labeling and extraction of RNA are slight modifications of those previously described (22) . Cells were grown in M2 glucose medium (38) at 30°C to a density of 4 x 108/ml and infected with phage at a multiplicity of 10. At various intervals, 0.1-ml portions of the culture were added to 0. (16) . Labeled proteins were visualized by autoradiography with preflashed film (20) .
RESULTS
Time course of RNA synthesis in T7-infected cells. The kinetics of RNA synthesis in E. coli IJ435 and IJ435/F: :Tn5, infected with wild-type T7, were followed by measuring the rate of [32P]phosphate incorporation into trichloroacetic acid-precipitable material. For the first 6 min of infection, the rate of RNA synthesis is the same in male and female cells (data not shown). Thereafter, the rate measured in male cells declines more rapidly than in female cells. Between 6 and 20 min after infection, when most class II and class III RNAs are normally synthesized, the presence of F reduces the total amount of T7 RNA synthesized by 1.5-to 2-fold. These data are similar to those previously reported (7, 10, 42) , although the degree of F-mediated inhibition of RNA synthesis observed in IJ435/F::Tn5 is less severe than that measured in these earlier studies. Since different strains and/or experimental conditions are employed in the different laboratories, differences in levels of inhibition are not considered significant.
Southern hybridizations (34) were first employed by McAllister and co-workers (22, 23) in describing the temporal regulation of expression of bacteriophage T7 genes. We used the same technique to visualize the RNAs that are synthesized during a T7 infection of male cells. This has allowed a more detailed analysis of the different RNAs that are present in the abortively infected cell than was previously possible. 6.5 through 10 (those hybridizing to the A band), first appear amounts, although their synthesis should not be considered after 5 to 7 min (lane 5). After 8 to 10 min of infection (lane normal. It has been shown that some class II RNAs accu-8), RNAs hybridizing to the A band become the most mulate to lower but varied levels in T7-infected male cells intensely labeled species, and they remain so throughout the relative to those found in infected female cells (42) . Howremainder of the infection. The last genes to be transcribed ever, the major transcriptional defect in these abortively correspond to the right end of the genome; in Fig. la their infected cells is in the class III, or late, region of the genome. RNAs (most clearly distinguished are those hybridizing to About 9 min after infection, when class III RNA synthesis is the E, B, L, M, and N bands) first appear 8 to 10 min (lane normally near its maximum rate, the overall rate of RNA 8) after infection. These data are in accord with those of synthesis declines precipitously. Overall, these results were McAllister and co-workers (22, 23) .
expected; defects in RNA synthesis, especially those of F exclusion inhibits transcription of T7 DNA. Infections of class III RNAs, have also been observed by others using the isogenic F-containing derivative of IJ435 (Fig. lb) or of different techniques (7, 10, 42) . However, synthesis of many an E. coli K-12 male strain (IJ511/F'lac; class III RNAs appears to be more severely inhibited, aberrant profile of RNAs. Early RNAs, which hybridize to relative to that of class II RNAs. For example, the intensities the F, H, and G fragments (Fig. 2) , are still synthesized and of bands B, K, and E are low, relative to the intensities of are shut off normally. Class II RNAs (e.g., those hybridizing bands representing some of the class II RNAs (e.g., bands C to the C and D fragments) are also made in substantial and D) pulse-labeled during the same time intervals (Fig. lb  and c) . In contrast, the B, K, and E bands are quite prominent in a permissive infection (compare The strong promoter 413 lies near the 5' end of the E fragment (Fig. 2) (Fig. lb, lanes 7 through 9) , some RNA molecules that hybridize to the B band must be present but are too rare to be detected in these experiments.
Transcription from 413 normally proceeds to the right end of the genome, and the product RNAs therefore overlap with those that are initiated at 417, which lies in fragment L.
Since the intensity of the L band is greater than that of the B band (Fig. lb) , it is likely that most of the labeled RNAs hybridizing to the L fragment were initiated at 417. These RNAs, like those initiated at 413, appear to be less than full length. Densitometric analysis of the autoradiogram shown in Fig. lb indicated that Fig. la and  d) . Similarly, the relative amounts of RNAs synthesized after 1.2 mutant phage infect a male host are also only slightly different from those detected after infection by a 1.2+ phage (compare Fig. lb and e Fig. 3a and b) . This result is similar to that shown above with T7 mutants lacking gene 1.2.
F exclusion of T3 mutants lacking gene 1.2 inhibits transcription of the right end of the phage DNA. During infections of a female host, class III RNAs hybridizing to the A and C bands are the most prominent 9 min and later after infection ( Fig. 3a and b, lanes 9 through 12) . In contrast, when a T3 gene 1.2 mutant infects the isogenic male strain, the A and C bands never become the most intensely labeled ( Fig. 3c and  d) , suggesting that transcription of the class III region is inhibited by F. This is in agreement with studies on the kinetics of RNA synthesis, which showed inhibition of uridine incorporation in male cells abortively infected by the same T3 1.2 mutant (26) .
Part of the MboI-DraI A fragment and all of the C, J, and E fragments constitute the same transcription unit, which is initiated at the 413 promoter and which takes up approximately one-third of the phage genome (Fig. 4) . RNAs from 413 are -13.5 kb in length and, by analogy with T7, are unlikely to be significantly shortened by RNase III processing. The T7 RNase III cleavage site R18.5 has no T3 counterpart (41) , and processing at T7 R13 removes only a few bases from 413 transcripts (16) . The majority of RNAs that hybridize to the A fragment are likely to have been initiated at the strong 413 promoter; a minority may have been initiated at 441 (which is relatively weak [12] ) or at promoters further upstream. The latter class must read through the major transcription terminator T4X (Fig. 4) , and these RNAs likely are in low abundance. However, since one purpose of these experiments was to examine the synthesis of long transcripts in particular, only RNAs that hybridize to the C, J, and E fragments are considered in detail. Regardless of the initiating promoter, RNAs that hybridize to the C fragment must be at least 5 kb in length, whereas RNAs that hybridize to the J or E fragments must be at least 9.5 and 11 kb, respectively.
RNAs that hybridize to the MboI-DraI A and C fragments are apparent from 6 min after infection onward in Fig. 3c  (lanes 6 through 12) and from 10 min onward in Fig. 3d (lanes  5 through 12) . However, the J and E fragments, which are located at the extreme right end of the genome and are part of the same transcriptional unit as the A and C fragments, do not hybridize to detectable amounts of labeled RNA. Thus, RNAs longer than 9.5 kb are not detectable in male cells, whereas shorter RNAs, derived from the same transcription unit, are readily visualized ( Fig. 3c ; compare bands J and E with band C). This result is similar to that seen during abortive T7 infections; inhibition of transcription by F exclusion is most severe on synthesis of the long RNA initiated at 413. Also similar to the T7 system is the observation that infections of Su-male strains by T3 1.2 1O(Am) double mutants result in transcripts that cover the whole of the class III region (data not shown). Therefore, in the absence of T3 more, in these abortively infected cells, the class II region is It is important to note that transcription over the A and C still being transcribed at 24 to 26 min postinfeption. Thus, Fragments of phage DNA can be detected for at least 16 min although F exclusion may also be reducing the capacity of in abortively infected cells (Fig. 3d) . Similarly, bands L, M, the cell to sustain normal rates of RNA synthesis, its effects ), N, and K, which are derived from the 5'-proximal part of cannot be directed solely to an inhibition of the process of he class III region of the genome (Fig. 4 ; the G band should transcription per se. A significant component of this inhibibe ignored because it comigrates with a fragment from the tion must affect specifically the synthesis of the long RNA .lass I region and cannot be quantitated accurately) are also mnolecules that initiate at 4313. teins. However, a similar variation in the degree of inhibition of synthesis of different proteins in T7-infected male cells has also been noted in several other studies (5, 7, 10, 27, 42; unpublished data from this laboratory). The aroteins gpl6 and gp17, which first appear at 8 to 9 min after infection. with wild-type T3, never attain more than 25% their no'rmal rate of synthesis after i'nfection of a male cell with a T3 (6, 10, 42 413 are likely to be longer than 9 kb. It is the synthesis of these RNAs as full-length products that is subject to severe inhibition in abortively infected male cells. The 5' part of each RNA can be visualized by hybridization with the appropriate restriction fragment, but their 3' ends are not detectable. Thus, inhibition of transcription becomes more pronounced as the distance from the initiating promoter increases.
As it elongates, a transcription complex must rotate around a DNA template, or the positive supercoils that form ahead of the transcribed region must be removed (21) . As the nascent RNA becomes longer, or as it is bound by the translational apparatus, rotation of the transcription complex becomes energetically less favorable. On a free, linear DNA template, positive supercoils arising from transcription can also be removed by rotating the DNA along its axis. If the DNA is constrained and the transcription complex cannot rotate, positive supercoils will accumulate unless they can be removed by DNA gyrase. If, in addition, DNA gyrase cannot act on the DNA, positive supercoiling will eventually inhibit further elongation of the transcript (21) .
These properties of constrained DNA, when serving as a template for transcription, suggest a possible explanation for the results obtained in abortively infected male cells. A T7 or T3 genome contains many different transcriptional units, and complete synthesis of a long RNA molecule may be totally inhibited by the accumulation of positive supercoils, whereas synthesis of shorter RNA molecules may proceed relatively unhindered. For example, the syntheses of transcripts that are initiated at 413 are more likely to be subject to inhibition than are syntheses of transcripts initiated at 49 or 410, which usually terminate at T4. If positive supercoils accumulate, a transcription complex will eventually stall and, unless it dissociates, will cause subsequent complexes on the same template to synthesize shorter and shorter transcripts. On the other hand, if a stalled complex dissociates from the DNA, the positively supercoiled molecule will tend to relax, thereby allowing repeated synthesis of incomplete transcripts. This line of thought is consistent with the continued synthesis of RNAs derived from the 5' part of the class III region, including the 5' end of the 413 RNAs, at times when F exclusion is inhibiting synthesis of the 3' end of those same 443 RNAs.
DNA gyrase normally removes positive supercoils in E. coli; if the inhibition of late transcription is due to the accumulation of positive supercoils, the mechanism of F exclusion may involve the inhibition of DNA gyrase activity. It is striking that the inhibition of RNA and protein syntheses resulting from F exclusion is quite similar to that observed in female cells treated with coumermycin, an inhibitor of DNA gyrase (13) . The role for DNA gyrase in the growth of T7 has been controversial and is not yet understood. Phage growth .X. BACTtRIOL.
on November 7, 2017 by guest http://jb.asm.org/ Downloaded from is sensitive to both nalidixic acid and coumermycin (1, 13) and is inhibited in gyrB(Ts) mutants at the nonpermissive temperature (35) . However, T7 grows normally in gyrA(Ts) mutants at the nonpermissive temperature; under these conditions it is not sensitive to the presence of nalidixic acid (19) . These seemingly conflicting results may be reconciled by recent genetic experiments that suggest that T7 gpl.2 and gplO, the two phage-coded proteins that can trigger F exclusion, affect the properties of both wild-type and mutant DNA gyrase (16a). Further study of the possible interaction between these proteins may also illuminate the nature of the proposed constraints on T7 DNA in abortively infected male cells.
The effects of F exclusion are first evident midway through a normal infection cycle, before substantial rates of class III transcription have been achieved. As a consequence, inhibition of class III transcnrption has generally been considered to be a result, rather than a cause, of exclusion. However, it should be noted that transcription of the genome is necessary for its complete ejection from the phage particle into the cell (24, 43, 44) . Therefore, a transcription complex must completely traverse the class III region of the genome once for entry of the DNA, and only when this has been achieved are high rates of class III transcription possible. Thus one molecule of class III RNA must be synthesized earlier in the infection process than the majority of class III RNAs, which are indistinguishable from the first molecule but are made during the period of late transcription. The observed block in late transcription of phage DNA during F exclusion may be reflecting an earlier block that affects the entry process, and it could be significant that the effects of F exclusion are first detected before transcriptionally mediated entry of the phage DNA into the cell is complete. However, standard methods of analysis, including those used in this work, can only measure the overall inhibition of class III RNA synthesis, and thus the idea that F exclusion prevents entry of the phage genome into the cell remains to be established.
